Background Application of user-centred design principles to Computerized provider order entry (CPOE) systems may improve task efficiency, usability or safety, but there is limited evaluative research of its impact on CPOE systems. Objective We evaluated the task efficiency, usability, and safety of three order set formats: our hospital's planned CPOE order sets (CPOE Test), computer order sets based on user-centred design principles (User Centred Design), and existing pre-printed paper order sets (Paper). Participants 27staff physicians, residents and medical students. Setting Sunnybrook Health Sciences Centre, an academic hospital in Toronto, Canada. Methods Participants completed four simulated order set tasks with three order set formats (two CPOE Test tasks, one User Centred Design, and one Paper). Order of presentation of order set formats and tasks was randomized. Users received individual training for the CPOE Test format only.
INTRODUCTION
Computerized Provider Order Entry (CPOE) can decrease medication errors, improve quality of care and potentially reduce adverse drug events. 1 However, fewer than 20% of hospitals across seven Western countries have CPOE. 2 One barrier to successful CPOE implementation is poor usability of CPOE systems. 3e6 Usability refers to the level of ease with which a user is able to complete tasks. CPOE usability plays a significant role in CPOE acceptance by providers. Poor usability can lead to errors, 5 inefficiency, 7 and rejection of the CPOE system. A key solution to usability problems is the user-centred design method.
8e10 User-centred design considers the needs and limitations of end users into each stage of the design process, using methods such as heuristic evaluations, cognitive walkthroughs, field studies, task analyses and usability testing. 11e13 Despite the potential importance of user-centred design on successful CPOE implementation, there are limited quantitative data on the role of user centred design in CPOE design and implementation. One controlled trial showed that improved visibility of educational links within a CPOE system increased usage of educational resources from 0.6% to 3.8%. 14 Computerized ordering efficiency can be significantly impaired by usability problems such as vague and incorrect system messages, unfamiliar language, and non-informative system feedback. 15 A recent qualitative review of CPOE design aspects and usability 16 identified only 11 articles that addressed any usability aspects of CPOE design, and none had a quantitative evaluative component. Usability will likely be an important enabler for compliance with meaningful use legislation in the US. Sunnybrook Health Sciences Centre was planning to implement CPOE using a vendor system. We wanted to evaluate the efficiency, usability and safety of this system prior to implementation. We specifically developed a prototype electronic order set system (User Centred Design) using usercentred design principles for this study to evaluate the impact of user-centred design on efficiency, usability and safety. We used order sets for the evaluation because the efficient entry of order sets is an important CPOE implementation success factor.
METHODS

Design and setting
We studied three order set formats: the Sunnybrook CPOE test design format (CPOE Test), a usercentred design format developed specifically for this study (User Centred Design), and our existing preprinted paper order set format (Paper). For each test subject, the sequence of presentation for the three order set formats was randomly assigned to minimize the potential for ordering effects.
The study was conducted in MarcheMay 2009. We chose to study order sets from our inpatient General Internal Medicine service, which is responsible for approximately 40% of all admissions. At Sunnybrook, all physician orders are written on paper. A limited subset of these orders, such as laboratory and radiology, are subsequently entered into our electronic patient care system (OACIS Clinical Care suite) and conveyed to the appropriate ancillary service. Physicians occasionally enter these written orders into OACIS, but most written orders are entered into OACIS by nurses or administrative staff. We conducted the study at Sunnybrook Health Sciences Centre in the Information Services Usability Evaluation Laboratory.
Participants
Twenty seven representative end-users (staff physicians, residents and medical students) volunteered to participate in response to informational flyers around the hospital, announcements at regular educational rounds, and email requests.
Materials and methods
Sunnybrook's CPOE team created the CPOE Test platform using the OACIS Clinical Care Suite (Dinmar 2003, client server version 7.0). OACIS has been in use at Sunnybrook for over 10 years for viewing selected clinical results, and managing a limited number of orders, primarily laboratory tests and diagnostic imaging. The Sunnybrook CPOE technical team configured order sets within the OACIS system (figure 1) based on the content of existing pre-printed paper order sets (figure 2).
We developed a User Centred Design interface for a computerized order set specifically for this study (figure 3). We first analyzed the task of completing an admission order set to determine the necessary functionality of a computerized order set system, including an analysis of the existing Sunnybrook paper admission order sets. We then conducted heuristic evaluation of the CPOE Test order set system. A heuristic evaluation is the systematic assessment of the usability of a user interface. It typically involves the application of a set of human factors design principles by individuals trained in usability to the interface and the identification of any violations of these principles. Heuristic evaluation is a widely adopted method of usability testing because it is easy to perform and relatively inexpensive. 20 We used the commonly accepted Nielsen usability principles 21 in our evaluation. Four evaluators (three human factors engineers and one physician) found a total of 92 unique usability violations for the CPOE Test order set system (appendix 1 online). Following usability design principles, we used an iterative design process to create the User Centred Design format. This format was used only as a prototype and did not possess the same background functionality as the CPOE Test system; the User Centred Design format was not linked to the hospital database, and it did not perform any complex error checking (eg, drug-drug interactions or allergies); however, it did include remedies for many of the discovered usability violations and perform basic error checking on user inputs. Selected examples of usability principles, violations and remedies are listed in table 1.
We used the existing Sunnybrook General Internal Medicine pre-printed paper order set forms as our comparator (Paper format). Figure 2 is an example of the standard admission order set for General Internal Medicine.
We used Morae usability testing software designed by TechSmith 22 to record the study data. The software provides the capability of recording a computer's activity from another computer for increased user insight. For the usability study, Morae captured the screen activity of the participant's computer, survey responses, and observer input from the observer computer.
Procedure
Each participant received a 15-min orientation to the CPOE Test order set system. We then asked participants to submit a trial order set to ensure understanding of the ordering process. This trial task had to be completed unaided, and the study began only when this was successfully accomplished. If users requested assistance during the trial task, users were asked to perform another trial task. This individualized training was more extensive than existing classroom training sessions at Sunnybrook for other computer applications. The training sessions, including orientation and trial task(s), took approximately 30 min for each participant.
We did not provide any training for the User Centred Design and Paper order set formats. At the time of the study, the standard pre-printed paper admission orders and the stroke admission orders were in routine use. The community acquired pneumonia (CAP) and chronic obstructive pulmonary disease (COPD) order sets were developed and approved, but not fully implemented. The format of the paper CAP and COPD order sets was consistent with the format of the standard admission order set and the stroke admission order set. In all formats, participants were able to order any medication appropriate for the patient scenario, even if that medication was not part of the pre-defined order set.
Each participant completed four ordering tasks for four common general internal medicine conditions: community acquired pneumonia (CAP), exacerbation of chronic obstructive pulmonary disease (COPD), acute stroke, and urinary tract infection (UTI) (appendix 2 online). We provided printed case scenarios for each ordering task where the medications that needed to be ordered were indicated in the scenario. Each participant completed two ordering tasks using the CPOE Test format, one task using the User Centred Design format, and one task using the Paper format. Participants completed two tasks with the CPOE Test order set system so that we could collect as much information as possible about its usability and safety to guide future design decisions. The order of exposure of order set formats and the ordering tasks was randomized. All four ordering tasks were completed for each task format. Overall the four ordering tasks were balanced across each of the three ordering formats. One of us (JC) conducted the study sessions, with each session averaging 60 min.
Main measures
For task efficiency, we recorded the time to complete each order set. We ensured that the start time was comparable for each task and each format. The task started when the participant expanded the order set folder in the CPOE Test order set system, selected the User Centred Design program window, or put their pen to paper for the pre-printed paper order set forms. The task ended when the participant pressed the 'submit' button in either Figure 2 Sunnybrook Health Sciences Centre's pre-printed paper standard admission orders order set form.
the CPOE Test or User Centred Design formats, or handed the completed paper order set forms to the study observer. The Morae software was then used to compute the task times from these start and end point markers.
For usability, we noted the number of times participants requested assistance. We asked participants to explicitly ask for assistance before the observer would interrupt and offer help.
For safety, a staff physician reviewed all 108 completed order sets for errors. Each error was rated for potential for harm (no potential for harm, potential for moderate harm, potential for severe harm including death or permanent loss of body function).
We obtained measures for two secondary (post hoc) analyses of task efficiency. First, we noticed some unique features of the CPOE Test task that were not present in the User Centred Design task, but consumed user time. These unique features of the CPOE test included: basic error checking functionality built into the CPOE system and confusing abbreviations in the laboratory orders that distracted users but were not central to our study question. We wanted to ensure that our results did not simply reflect these unique features of the CPOE task. Therefore, we reviewed all Morae recordings to determine the time spent on these unique features, then subtracted the time spent on these activities from the time spent completing the CPOE Test task.
Second, after completing the study, we realized that the first page of the Paper order sets had been omitted from the CAP and COPD Paper format ordering tasks (n¼13 Paper tasks). To address for this oversight, we needed an estimate of time required to complete the first page of the Paper order sets. The first page of the UTI Paper order set is identical to the first page of the CAP and COPD Paper order sets. Therefore, the time to complete the Paper UTI order set is a reasonable, albeit extreme, estimate of the time to complete the first page of the CAP and COPD Paper order sets. Therefore, we added the mean time to complete the UTI Paper order sets (280 s) to the mean time for the 13 Paper order sets where the first page was not completed. This adjustment overestimates the time to complete these first page of these Paper order sets, because (i) many participants manually wrote in the missing first page orders and (ii) the UTI scenario task times include the time required to write additional orders relevant to the UTI scenario. Therefore, the "true" task time for the completion of the Paper order sets lies somewhere between our primary analysis and this adjusted time.
Statistical analysis
Analysis of task efficiency involved a repeated measures analysis of variance (ANOVA) to determine whether the means of the comparing groups were statistically different. It also accounted for the correlation among observations from the same subject. We compared the number of assists between formats using McNemar's test for paired proportions. 23 We performed a Poisson regression analysis on the error data to model the error count data. We used SAS version 9.1 to perform the analyses. There is only one order entry mode. This mode allows user to accomplish all order entry tasks.
Consistency
The user should not have to wonder whether different words, situations, or actions mean the same thing.
Drug information is inconsistently displayed during an ordering task. For example, the user selects morphine 1 mg po q4h from the drug catalog, which appears as 'morphine sulfate q4h po 1 mg' on another screen.
Drug information is consistently displayed throughout the ordering task.
User Control and Freedom
After choosing a system function by mistake, the user needs a clearly marked 'emergency exit' to leave the unwanted state without having to go through an extended dialog.
There is no obvious way to undo actions. The user must learn to right click on the order then select 'undo' from the bottom of a long drop down list.
User selects an order with a left mouse click, and deselects the same order with another left mouse click. There is no need to right click and no need to select the 'undo' action from a drop down list. Help Users Recognize, Diagnose and Recover from Errors Error messages should be expressed in plain language (no codes), precisely indicate the problem and constructively suggest a solution.
User cannot easily see a list of all orders prior to submission, so errors are difficult to recognize.
All orders are fully displayed on a single screen for review throughout the ordering process.
Research ethics
The Sunnybrook Research Ethics Board approved the study. Each participant provided written consent to participate in the study.
RESULTS
Twenty-seven volunteer physicians, residents, and medical students participated in the study. All volunteers who participated completed the study; there were no drop-outs. The average age of participants was 39 years of age with 59% having at least 6 months of experience working in Sunnybrook's General Internal Medicine unit. Participants' self-rated level of comfort with computers was very high (85%) or high (15%). Participants' self-rated proficiency with OACIS was very good or excellent for viewing medication lists (89%) and for ordering xrays or labs (59%). The majority of participants were also experienced in completing Sunnybrook's pre-printed paper order sets; 89% of participants reported completing at least 11 order sets in their medical careers at Sunnybrook, and 67% reported completion of 50 or more. Overall, each ordering task was conducted 27 times, with equal balance of ordering tasks across each ordering format.
Task efficiency
The mean task times for the User Centred Design format was 273 s, similar to the mean task time for the Paper format (293 s, p¼0.73), and significantly shorter than the CPOE Test format (637 s, p<0.0001). The task efficiency results were consistent across the entire study population. The task time for the CPOE test format was the longest for 92% of the subjects (25 of 27). After we adjusted for time spent on the unique features of the CPOE Test task (such as built-in error checking and confusing laboratory abbreviations), the mean CPOE test task time fell to 547 s, but remained significantly longer than the two other groups (p<0.0001). Finally, after we corrected for the error in executing the Paper order set tasks, the mean task time for using paper order sets rose to 428 s, which was still significantly lower than the mean CPOE Test task time (p¼0.02), but higher than the mean task time for the User Centred Design format (p¼0.0088) (table 2).
Usability
Users requested assistance in 31% (17 of 54) of the CPOE Test format tasks; whereas no assistance was requested by any user for any task involving Paper or User Centred Design formats (p<0.01 using McNemar's test).
Safety
We analyzed the proportion of order sets with at least one error, and the proportion of order sets with at least one potentially harmful error. We found no statistically significant differences between proportion of order sets with at least one error (p¼0.92 for CPOE Test and Paper, p¼0.38 for CPOE Test and User Centred Design, and p¼0.50 for Paper and User Centred Design). However, we did find a marginally statistically significant difference in the proportion of order sets with at least one potentially harmful error, with the CPOE Test format was marginally greater than that of the Paper format (p¼0.04). No other differences were found in the frequency of potentially harmful errors by format (table 3) .
Some potentially harmful errors by task were: failed to order antibiotics or the patient's pre-admission medication metoprolol (community acquired pneumonia scenario), failed to order bronchodilators (COPD scenario), ordered full dose intravenous heparin instead of low dose subcutaneous heparin (acute stroke scenario), and failed to order intravenous fluids for a vomiting volume depleted patient who was taking nothing by mouth (UTI scenario). We did not observe qualitative differences in the types of errors by ordering format (CPOE Test, UCD or paper).
DISCUSSION
We found that our User Centred Design format was more efficient and more usable than the CPOE Test system. We also found that the User Centred Design format was as efficient and usable as the existing Paper format. The User Centred Design format had a similar number of errors as the CPOE test and paper based formats. Our secondary post hoc analyses showed similar results, strengthening our conclusion that the User Centred Design format was more efficient and more usable than the CPOE Test format, and similar to the existing Paper format.
Our results provide quantitative evaluative evidence of the impact of user-centred design, supporting the link between design, efficiency, and usability. 3 4 7 10 Our physicians admit approximately 12e20 patients per day to our service, so a time difference of 5 min per ordering task is of great clinical importance. We found no differences in the number of ordering errors between formats, and a marginal increase in potentially harmful errors with our CPOE Test system compared to Paper. Our ordering error results are not comparable to field studies of medication errors with other CPOE systems, because we conducted our study in a simulated environment where our participants may have been less diligent than in usual practice. 1 Regardless, the error rate in the CPOE Test and User Centred Design formats were high, so we need to make further design improvements to reduce or trap these errors. Our User Centred Design format was only a functional prototype, which lacked basic medication ordering decision support. The next iteration of a User Centred Design format would benefit from basic decision support, reminders to order important preventive treatments such as DVT prophylaxis, and cues to order the patient's preadmission medications. We provided no training on our User Centred Design format, whereas we provided a total of approximately 13 h of training to the 27 physicians on the CPOE test system. Despite this difference in training intensity, we found that that the User Centred Design format was more efficient and more usable than CPOE Test format. Budgets for annual maintenance (training and support) in hospital CPOE implementations have been estimated to be as high as $1.35 million for a 500-bed hospital. 24 Our results raise the enticing possibility that good design could reap further dividends through reduced need for support and training.
We have used the results of our study to inform the redesign of our CPOE Test system, and we have deferred implementation until these design issues are addressed. Our user-centred design recommendations could not be implemented in this version of our vendor system due to limitations in the existing software architecture. However, our recommendations are being integrated into future versions of our vendor system.
Our study had several strengths. Our study population represented a broad range of users, from junior residents to staff physicians, with a broad range of experience with computers, our existing electronic patient record, and our existing paper order sets. Our study design controlled for variations between participants, because all participants completed tasks in all order set formats. Our efficiency results were consistent across the study sample, suggesting that prior computer experience or order set experience was not a major determinant of our results.
Our study has several important limitations. We evaluated only one CPOE system that was still under development, so our results cannot be generalized to other CPOE systems. Our participants were using the CPOE Test format for the first time; so their efficiency would likely improve with further use. Our small sample size could not detect small differences in usability or safety between User Centred Design and Paper formats, but was able to detect statistically significant differences between CPOE Test and Paper formats. Our estimate of task efficiency for the Paper format was imperfect because of our error in executing our study procedures. However, our conclusions were similar after making extreme assumptions to correct for this error. We did not evaluate the reliability of our method for detecting and classifying errors in the submitted orders. Finally, we focused only on the task efficiency and safety of the ordering process. We did not examine task efficiency or safety at the order verification, dispensing or administration phases.
Other hospitals may develop a usability lab with a small investment in the necessary software, the expertise of usability or human factors engineer(s) to conduct the studies, and a room with computers. We found no difficulty in getting volunteers to participate in our usability study since clinicians are highly motivated to contribute to the design of clinical systems. We have also conducted usability evaluations prior to the purchase of other clinical information systems and intravenous infusion devices. 25 
Conclusions
We found that our User Centred Design format was more efficient and more usable than our CPOE Test format. We also found that the User Centred Design format was as efficient and usable as the existing Paper format. We conclude that application of user-centred design principles can enhance task efficiency and usability, increasing the likelihood of successful implementation. We have deferred our own CPOE implementation until these design issues are addressed.
